Interest is accelerating in exploring the deep ocean with the intent to exploit seabed minerals [1] . 71 Minerals of interest include manganese nodules found on the abyssal plains [2], seafloor massive 72 sulphides (SMS) found at active and inactive hydrothermal vents [3] , cobalt-rich crusts on seamounts [4] , 73 and phosphorites found along continental margins [5] . Although commercial mining for deep-seabed 74
minerals has yet to take place, all of these resources are under exploration in areas within and beyond 75 national jurisdiction. Licenses to mine have been awarded for SMS exploitation by the government of 76 Papua New Guinea, for metal-rich sediments in the Red Sea jointly by the Governments of Saudi Arabia 77 and Sudan [6] , and for offshore phosphorites (with environmental clearance pending) by the government 78 of Namibia. Other companies and government agencies are submitting permit applications for 79 exploitation within some national jurisdictions [7, 8] . As the new industry of deep-seabed mining 80 commences, regulatory bodies are faced with difficult permitting decisions, requiring balancing potential 81 economic gains with impacts on other ocean users, local community and civil society concerns and 82 international and national legal obligations to ensure effective protection of the marine environment 83 from harmful effects that may arise from seabed mining activities [9] . 84
Environmental protection regulations to be enacted and implemented by the ISA in the future, including 85 functional distinctions and definitions of "harmful effects" and "serious harm," will have far-reaching 86 consequences both beyond and within national jurisdictions. Under UNCLOS, where mining activities may 87 cause serious harm, the ISA has the power to: (i) set-aside areas where mining will not be permitted, (ii) 88 deny a new application for a contract to conduct seabed mineral activities; (iii) suspend, alter or even 89 terminate operations, and iv) hold the contractor and its sponsoring state liable for any environmental 90 harm if it ensues (UNCLOS Art. 162((2) (w) and (x) and 165 (2)(k) and (l) and Annex III Article 18). Such 91 standards will also inform national laws and regulations for mining activities within national jurisdiction, 92
for such rules are to be "no less effective than" international rules, standards, recommended practices 93 and procedures (UNCLOS Art. 208). 94
Of particular importance when designing a system to evaluate the significance of harm in the deep sea, 95
where "serious harm" is used as the key trigger for preventive and precautionary action, are answers to 96 the following questions: 97 1. How is "serious harm" defined in the context of deep-seabed mining? 98 2. What are the key factors or parameters to measure to inform the decision about whether an impact 99 constitutes serious harm or not? 100 3. What are the special features of the deep-sea habitats targeted by mining companies that affect the 101 significance of impacts? 102
In this paper, which is based on a workshop held in 2014, these questions are addressed by first 103 examining current definitions that may inform our understanding of "serious harm" and the legal 104 requirements to avoid such harm. Ecological and ecosystem parameters are considered that may be 105 measured and there is a discussion of environmental thresholds and triggers for action when serious harm 106 is predicted or is otherwise likely to occur. The mineral resources are then introduced, including 107 distributions and ecological setting, the mining approach as understood at present, potential 108 environmental impacts of mining, the distinctive environmental and ecological features of the associated 109 ecosystem that inform the significance of impacts, and recommended actions to advance understanding 110 of impacts. The need to consider cumulative impacts is presented, before finally concluding with the 111 4 overall implications of the issues that surround assessing the significance of harm for decision-makers and 112 regulators with respect to deep-seabed mining activities. A key challenge will be to formulate regulations 113 that prevent "serious harm" as well as ensure overall effective protection of the marine environment. 114 Table 1 An equally important objective as well as legal obligation under UNCLOS for both States and the ISA is to 131 ensure "effective protection" of the marine environment from "harmful effects" which may arise from 132 seabed mining activities (Article 145). For this purpose the ISA is required to adopt "appropriate rules, 133 regulations and procedures for inter alia, (a) the prevention, reduction and control of pollution and other 134 hazards to the marine environment, including the coastline, and of interference with the ecological 135 balance of the marine environment … and (b) the protection and conservation of the natural resources of 136 the Area and the prevention of damage to the flora and fauna of the marine environment" (UNCLOS Art. 137 145 (a) and (b)) [11] . This is in addition to other obligations in UNCLOS that call for, inter alia, the 138 protection and preservation of the marine environment," and the taking of measures "necessary to 139 protect and preserve rare or fragile ecosystems as well as the habitats of depleted, threatened or 140 endangered species and other forms of marine life (UNCLOS Art. 192, 194(5)). 141
Existing ISA regulations for seabed mineral exploration of manganese nodules, SMS and cobalt-rich crusts 142 provide only a definition for "serious harm". Under these regulations, "serious harm to the marine 143 environment" is defined to mean "any effect from activities in the Area on the marine environment which 144 represents a significant adverse change in the marine environment determined according to the rules, 145 regulations and procedures adopted by the Authority on the basis of internationally recognized standards 146
and intention to commence production in this site. 9 The Namibian government has granted two mining 262 licenses (to Lev Leviev and to Namibian Marine Phosphate), but a moratorium was instituted while further 263 environmental impact assessment was conducted. As of August 2016 the official decision regarding 264 marine phosphate mining in Namibian waters had not been announced, with the matter of 265 strategically assessing the cumulative environmental impacts under review by the Government of 266 Namibia. 10 As of Sept. 2016, a decision on phosphate mining in Namibian waters is still pending. 
Mining overview:
The extraction of manganese nodules is envisioned to be carried out by a series of 292 remotely operated, technologically advanced nodule harvesters that are likely to plough, scrape, and/or 293 vacuum the seafloor over large areas (300-800 km 2 of seabed per mining operation per year, [24] . As 294 envisioned by some companies (e.g., UK Seabed Minerals), crushed or whole nodules and entrained 295 sediments will be pulled up a riser pipe to the surface, where nodules will be offloaded to a production 296 support vessel for transport to land. Sediment-containing water will most likely be returned to the ocean 297 at the site at an, as yet, undetermined depth. 298 Waste materials from initial at-sea separation are expected to be released through a discharge pipe into 328 the middle of the water column or at the water/seafloor interface, but the resulting sediment plumes may 329 also cause impacts on midwater and mesopelagic species in the water column. Suspended particle effects 330 on feeding, prey avoidance, and other ecological processes are likely but unstudied. In addition, biota 331 throughout the water column might be affected by sediment leakage from the system used to lift the 332 nodules to the surface, and sediment runoff from the mining support vessel could have local impacts on 333 photosynthetic productivity in surface waters. 334 335
Impacts from mining on habitat/resources:
In addition to physical impacts caused by mining, sound from mining machines, pumps, platforms and 336 vessels may occur at the sediment-water interface, mid-depth water column and surface water column. . The machines will cut, crush, and gather the ore and then send it as slurry to the 427 production support vessel via an enclosed riser and lifting system. Once on board the mining support 428 vessel, the slurry will be dewatered to collect all but the finest particles (to ~10 um), then seawater and 429 fine particles will be discharged back into the sea at a depth close to the seabed. 2) Inactive sulphide deposits may be food poor, with biomass, community structure, production, growth 515 rates, and recolonization rates all controlled by the very low flux of particulate organic material 516 sinking from the distant euphotic zone [39] . Therefore, ecosystem recovery rates from mining 517 disturbance will be very slow, so impacts to the sediment-dwelling biota from single mining 518 activities may persist for decades to centuries, causing harmful effects and a significant adverse 519 impact. 520 3) Inactive vent sites of interest for mining may exist in close proximity to (or be interspersed with), 521 active vent sites, and fauna may benefit from the higher productivity associated with the active 522 venting. This increased food availability may support relatively large populations of filter/suspension-523 feeding fauna such as corals, which are often long-lived. Therefore, community recovery rates at 524 inactive sites may be long (e.g., hundreds of years), and mining disturbance could also cause 525 significant adverse change to the connectivity of those taxa that rely disproportionately on larval 526 supply from large populations at inactive vent sites. 527 4) Plumes generated by mining activities will be enriched in toxic metals. If these toxic metals become 528 bioavailable, could have a harmful effect on the biota (pelagic and benthic) in the plume shadow 529 and through bioaccumulation. The extent to which bioavailability of toxic metals could become a 530 significant adverse impact is not known. 531 532 4.3.5 Actions toward understanding whether there will be significant adverse impacts of SMS extraction 533 at active hydrothermal vents and inactive sulphide deposits. 534  A thorough knowledge of the regional distribution of active and inactive sites and their 535 associated fauna is necessary to understand regional variability in community composition and 536 identify potential source and sink populations. 537  Understanding connectivity of populations at active and inactive sites is critical to understanding 538 whether mining and cumulative mining impacts in a region will result in a significant adverse 539 effect (e.g., loss of biodiversity), in addition to serious harm. A related knowledge gap to fill is 540 the extent to which local populations are maintained through local or long-distance recruitment 541 events. 542  Better understanding of natural community variability, succession patterns, potential alternative 543 states for active hydrothermal vents are key ecological dynamics that would help in assessing 544 likelihood of significant adverse effects. 545  For inactive sulphide deposits, a thorough characterization of the colonizing fauna and their 546 ecological attributes, including degree of endemicity, growth rates, fecundity, and recruitment, is 547 critical to understand the potential for causing a significant adverse impact through mining 548 events.
549
 Understanding the ecotoxicology of plumes generated by seabed mining activities on pelagic and 550 benthic biota in the plume shadow. 
Mining overview:
The mining of cobalt-rich crusts is more technologically complex than for 563 manganese nodules (which occur on/in soft sediments) or SMS (which protrude from the seafloor in 564 brittle structures) [51] . Although it will similarly require the use of large, remotely operated, 565 technologically advanced machinery to dig into and cut, crush and gather the ore, and send it as slurry to 566 the production support vessel through a riser and lifting system, or as whole rock material in a chain of 567 bucket-type containers. The variable thickness of the crusts combined with the steep and rugged 568 seamount terrain makes design and operation of the collection tools difficult. However, once on board 569 the vessel, the processes are similar to the other mineral types. Slurry will be dewatered, the seawater 570 14 and discard products will be discharged back into the sea and the ore transported to land for processing 571
[ , and be mined for 20 years to produce 1 million wet tons. This form of 575 mining would require multiple mining sites on multiple seamounts in close proximity, and would cause 576 cumulative impacts within the exploited region. 577 4.4.3 Impacts from mining on habitat and resources: Extraction of cobalt-rich crusts will cause impacts at 578 the seafloor, through the water column, and potentially at the ocean surface [66] . The most direct and 579 substantial effects will be on the habitats and benthic fauna at the seafloor. Here there will be substantial 580 physical alteration of the seafloor as the crust is removed, the overall relief of the surface of the 581 seamount will be flattened to an extent, and the amount of soft sediment will increase. Hence there is 582 expected to be reduction in habitat heterogeneity, and changes in the geochemical characteristics of 583 seafloor sediments. Seamounts often have high diversity and density of large, sessile animals, such as 584 sponges and corals, as well as giant protozoans called xenophyophores, which form a biogenic habitat for 585 other communities [67, 68, 69] . These organisms will be affected directly by the mining operations, and will 586 not survive. Mobile animals, such as fish and crustaceans, may be able to disperse to other areas, but the 587 overall biodiversity at the mining site will be reduced to very low levels. These impacts are particularly 588 important for endemic and rare species. The capacity of affected communities to recover may be low. 589
Typically, deep-sea invertebrate and fish species are long-lived and have slow growth rates, and their 590 ability to recover from human disturbance (such as fishing or mining) is very low [70, 71] . The potential for 591 recovery will be affected by substrate changes, with soft sediment from mining plumes being unsuitable 592 for many sessile species, and potentially smothering small animals and clogging the feeding structures of 593 suspension feeders. The availability of source populations on nearby seamounts that will provide the 594 necessary propagules (larvae, juveniles and dispersing adults) is poorly understood. Hence, both physical 595 and biogenic habitat will be severely impacted over a long period of time (likely many decades to 596 centuries for the fauna). 597 598
Mining for cobalt-rich crusts will generate plumes of sediment, both from the physical disturbance of the 599 seafloor, and from any discharge of processing waste. This sediment will have direct impacts on benthic 600 communities through smothering and burying of animals, clogging of feeding structures, preventing larval 601 settlement and colonisation, and indirectly through metal release and accumulation through the food 602 chain. The vigorous hydrodynamic regime on seamounts suggests that the "downstream" extent of 603 sediment plume impacts could reach well beyond the direct site of mining, over 100s of meters [72] . 604
Depending on the discharge depth of waste water (including fines, and small rocks), there can be impacts 605 on plankton and fish communities throughout the water column. Effects include: potential oxygen 606 depletion; nutrient and trace metal enrichment; changes in water clarity affecting visual predators; 607 behavioural changes of plankton, mesopelagic fish and marine mammals from the plume density, 608 contaminant composition, and associated noise; bioaccumulation of toxic metals in higher predators; 609 toxic effects for early life history stages (e.g., larvae), and direct mortality of small plankton and 610 mesopelagic fish [73] . 611 612 4.4.4 Special features that affect significance of predicted impacts: Limited biological survey work has 613 been directed specifically at cobalt-rich crust habitats, but many studies have occurred on seamounts that 614 are known to have such crusts. From these a number of key biodiversity characteristics can be defined 615 (after [66, 74, 75] that are important for understanding the significance of impact and recovery potential of 616 seamount ecosystems. 617 618
(1) The dominant benthic fauna on seamounts are often sessile corals and sponges, which can form 619 dense reef-like structures [76] , and be much more abundant on seamounts than on continental 620 slope habitats (e.g., [77] ). The complexity and fragility of these taxa make them highly 621 vulnerable to impact by mining operations. These corals and sponges provide important food, 622 habitat and refuge for a large number for associated invertebrates and fish species (e.g., 623
[78,79,80]. Hence loss of the main components of many cobalt-rich crust benthic communities 624 will have a follow-on effect to other associated species, causing serious harm through 625 significant adverse change.
626
(2) The key coral and sponge species are filter or suspension feeders, which rely upon ingesting 627 small particulate matter from the passing seawater. High sediment/particle loading from a 628 sediment plume can clog polyps and feeding pores, causing a reduction in respiration, or death 629 of the animal. Harmful effects from mining operations will extend over the dispersal distance 630 of the plume, i.e., over a much larger area than the direct mining site. Whether this causes 631 serious harm will vary depending on the depths and current flow characteristics of each 632 seamount where mining is conducted. abundance between seamounts means the impacts of mining will vary with location, and 646 cannot be assumed to be the same even for adjacent mining sites. 647 (5) Faunal composition changes with depth, and a potential mining depth range of 800-2500 m 648
would impact a wide range of communities with differing species composition and abundance 649 on a single seamount [74] . The vulnerability of communities will also change. The depth range 650 covered by a mining project must be considered when evaluating whether significant adverse 651 changes will occur. 652
The food chain is supported by primary productivity based on energy from photosynthesis. The 653 topography of a seamount can cause upwelling of nutrients and localised circulation that traps 654 plankton [82, 83] , but support of high productivity at seamounts is believed to be largely through 655 pelagic food webs, via horizontal advection of plankton from surrounding areas (meaning pelagic 656 energy sources are continuously renewed) and by the seamount trapping vertically migrating 657 plankton [68, 82, 84] . Chemosynthetic sources of production are rare but may be associated with 658 volcanic activity on some seamounts with cobalt-rich crusts. Hence, although direct physical 659 impact on the seafloor will affect production of benthic invertebrates, the greater risk is any 660 effect from near seafloor and midwater sediment plumes on the pelagic food source and 661 production-especially the return processing waste plumes which might be higher in the water 662 column. Mining activities, if the return sediment plume effects are controlled, might not alter 663 overall seamount productivity levels to a significant extent. 664 (7) Many benthic species are reported to be endemic to a seamount or group of seamounts. Whilst 665 this is partly an artifact of sampling [85] . Stocks and Hart [86] found, overall, about 20% of seamount 666 species had a restricted distribution. Mining impacts that result in the loss of certain endemic 667 species (i.e., those with restricted geographic distributions) would represent a significant adverse 668 change causing serious harm. 669 670
Actions toward understanding significant impacts of cobalt-rich crust extraction. 671
 Given the depth range of cobalt-rich crust habitat, interactions with, and cumulative impacts 672 from, commercial deep-sea fisheries and long-term ocean acidification need to be considered. 673  Improved knowledge is needed of the composition, structure and function of settings where 674 cobalt-rich crusts are common, sensitivity of benthic fauna to changes to the substrate texture 675 (e.g., hard rock to soft sediment), and regional population connectivity (e.g., sources and sinks). 676  The effects of sediment plumes generated by crust mining are poorly understood, and there is a 677 pressing need for a greater understanding of increased sediment loads, and any associated 678 ecotoxicity, on benthic and bentho-pelagic fauna. 679 winnowing by currents have concentrated deposits into areas now being considered for mining. The 694 unique combination of changing sea levels over geological time and the high surface productivity due to 695 upwelling off the Namibian coast, for example, resulted in the formation of large areas of phosphorus-rich 696 sediments [95, 96] . 697
Phosphorites

Mining overview:
A perceived future scarcity of terrestrially mined "rock phosphate" to 698 manufacture phosphate-based fertilizer led to the present interest to mine phosphate from the ocean. 699
The targeted deposits occur on the continental margins (both within the EEZs and extended continental 700 shelf) of the host coastal States, in water depths varying from 50 m to 900 m. Recovery of the 701 phosphorite will require bulk removal of the sediments just beyond the depths of maximum 702 concentration, which can vary by locality (e.g., off New Zealand mining has been proposed to a sediment 703 depth of at least 50 cm, and proposed to 3 meters deep off Namibia). To date, wide-head suction 704 dredging of the seabed is proposed to pump tracts of sediment in bulk into large dredge-hopper vessels. 705
Sorting the granules/nodules from the bulk is proposed in various ways: either vessel-transport of the 706 entire bulk to coastal, land-processing facilities, or if phosphorites are large enough (i.e., if majority are 707 nodules), sieving and sorting will take place onboard to collect the phosphorites, with release of 708 unwanted bulk sediment back into the sea either at the sea surface or more likely at depth via a sinker 709 pipe and diffuser. Some proposed mining includes further processing to fertilizer at the coastal sites, with 710 effluent disposed into the sea. to mine in a specific area, not to approve a particular application for a contract to mine, to suspend or 817 stop mining, to require adjustment of operations to avoid serious harm, and/or to provide financial 818 compensation if harm ensues. Such an understanding should also indicate the type of impacts that mining 819 operations should be designed to avoid (together with other proactive regulations to ensure effective 820 protection). 821
While there are differences in extraction technology and methods used between different deep-seabed 822 mineral types and projects, seabed mining actions that may cause harmful effects or serious harm across 823 all targeted resources include: direct removal and destruction of seafloor habitat and organisms; 824 alteration of the substrate and its geochemistry; modification of sedimentation rates and food webs; 825 changes in substrate availability, heterogeneity and flow regimes; suspended sediment plumes; released 826 toxins; and contamination associated with noise, light or chemical leakage during the extraction and 827 removal processes. These impacts are expected to occur in benthic communities across hard and soft 828 substrates and in the pelagic realm. Table 1 summarizes how these impacts relate to the potential for 829 significant adverse change causing serious harm at sites where mining may take place for each of the 830 mineral resources considered here. 831
However, there are clearly major knowledge gaps and uncertainties and these impel invocation of the 832 precautionary approach. The application of this approach could include a clear requirement that: 833 "Activities in the Area shall only take place if they do not cause serious harm to the marine environment", 834 the standard envisaged by the drafters of the first set of mining regulations in 1990 ([107] article 2(2)). 835
To construct rules, regulations and procedures capable of ensuring effective protection of the marine 836 environment from the harmful effects of mining activities and avoiding serious harm, a well-defined 837 understanding of what may or may not constitute significant adverse change in deep-sea biodiversity as 838 well as ecosystem structure and function will be needed. Such an understanding is required prior to the 839 onset of commercial-scale mining operations to prevent long term, potentially irreversible harm. An 840 ability to identify and quantify significant effects, and the valuation of the key ecosystem services with 841 which they are associated, will be necessary to implement appropriate environmental impact 842 20 assessments, environmental management plans and other regulations and payment regimes (including 843 environmental damage assessment) associated with deep-seabed mining [22] . 844
Scientific understanding about the impacts of mining will need to improve, and there are a number of 845 national and international efforts currently underway which aim to achieve this goal, including the 
